Photon interference among distant quantum emitters is a promising method to generate large scale quantum networks. Interference is best achieved when photons show long coherence times. For the nitrogen-vacancy defect center in diamond we measure the coherence times of photons via optically induced Rabi oscillations. Experiments reveal a close to Fourier-transform (i.e., lifetime) limited width of photons emitted even when averaged over minutes. The projected contrast of two-photon interference (0.8) is high enough to envisage applications in quantum information processing. We report 12 and 7.8 ns excited state lifetimes depending on the spin state of the defect. DOI: 10.1103/PhysRevLett.100.077401 PACS numbers: 78.55.Qr, 42.50.Ct, 42.50.Md, 61.72.Jÿ Coherent control of single quantum systems and the generation of nonclassical states has attracted widespread attention because of their application in quantum physics and quantum information science. Solid state systems are often considered to be promising and also difficult because of inhomogeneities and fast dephasing. Spins in solids, for example, associated with quantum dots or single dopant atoms offer promising figures of merit for both parameters. As a particular example, the nitrogen-vacancy (NV) defect in ultrapure diamond shows a long spin phase memory time (0.35 ms) [1] even at ambient conditions due to spin-free and rigid lattice. In addition to its excellent spin properties, spin selectivity of optical transitions of the NV defect allows initialization and readout of the spin state with sensitivity routinely reaching a single atom [2] .
Coherent control of single quantum systems and the generation of nonclassical states has attracted widespread attention because of their application in quantum physics and quantum information science. Solid state systems are often considered to be promising and also difficult because of inhomogeneities and fast dephasing. Spins in solids, for example, associated with quantum dots or single dopant atoms offer promising figures of merit for both parameters. As a particular example, the nitrogen-vacancy (NV) defect in ultrapure diamond shows a long spin phase memory time (0.35 ms) [1] even at ambient conditions due to spin-free and rigid lattice. In addition to its excellent spin properties, spin selectivity of optical transitions of the NV defect allows initialization and readout of the spin state with sensitivity routinely reaching a single atom [2] .
The narrow spin resonance transitions of single defects make them a sensitive magnetometer at the nanoscale. As an example, it was demonstrated that the electron spin associated with a single NV defect can be used for reading out spin states of proximal nuclear [3] and electron spins [1, 4, 5] . Magnetic coupling between electron spin of NV defects and neighboring nuclei was used as a resource for generating entangled states [6] . Such multispin entanglement is a crucial element for quantum computation and communications protocols [7] . However, the generation of entanglement using magnetic dipolar coupling is limited to closely spaced spins. The maximum distance where spinspin interaction can be used for controlling nonlocal quantum states depends on coherence time and strength of spinspin interaction. Although coherences associated with electron and nuclear spins in diamond are particularly long, a few nanometers distance is a realistic limit for magnetic coupling. One way to gain entanglement over larger distance is to use the coupling of spin state to optical transitions [8, 9] . Such generation of entanglement over long distance via interference of photons recently attracted considerable interest [10] . Experimental demonstration of entanglement between stationary and flying qubits [11, 12] followed by realization of interference of photon pairs from distant trapped ions [13] and their entanglement via photonic channels [14] is an important breakthrough for modern quantum physics.
The generation of two-photon interference in solid state systems remains challenging. The major difficulties that solid state systems are facing are the coherence properties of photons and the inhomogeneous distribution of transition frequencies. By using appropriate control parameters, the inhomogeneity of a solid state system can be eliminated. For single NV defects tuning of transition frequencies has been reported previously [15] . However, dynamic inhomogeneity (variation of optical transition frequency related to different relaxation processes in solids) leads to mapping of environmental fluctuations into the frequency of photons. This makes two photons emitted by nominally identical systems at least in principle distinguishable destroying the contrast of the two-photon interference. Despite those challenges, several well-isolated solid state systems have been investigated in detail [16, 17] . In the above mentioned context we address a single NV defect in diamond. The NV defect was proven to be an efficient source of broadband photons at ambient conditions [18, 19] allowing spectacular experiments of single photon interference [20] . Here we present experimental evidence of nearly transform-limited transition of single NV centers at cryogenic temperature. This is proven in two steps, first by measuring the excited state lifetime for different spin states, and subsequently generating optical Rabi oscillations. Surprisingly, our experiment reveals new insights into the photophysics of the NV defects allowing the achievement of high visibility of ESR Rabi oscillation at ambient conditions.
The structure and energy levels of the NV defect in diamond are shown in Fig. 1 . The defect consists of a substitutional nitrogen atom and a vacancy in nearest neighbor lattice position. The negatively charged NV center, which is relevant for our experiments, comprises six electrons, two of which are unpaired. The ground 3 A state is a spin triplet with zero-field splitting of 2.88 GHz between m S 0 and m S 1 states. The structure of the excited 3 E state is governed by spin-orbit and spin-spin interactions [21] . It is well established that at least one singlet state ( 1 A) is lying between the ground and excited triplet state [22] . Transitions between triplet and singlet states govern the spin polarization dynamics of the NV defect. It was demonstrated experimentally that the intersystem crossing (ISC) transitions 3 E ! 1 A are strongly spin selective with the shelving rate from the m S 0 sublevel being much smaller than those from m S 1 sublevels. The rates of ISC transitions towards the groundstate triplet 1 A ! 3 A are also spin selective, but here the m S 0 state is mostly populated. Hence after a few optical excitation emission cycles a strong spin polarization of the ground-state m S 0 spin sublevel is established.
As a first step the excited state lifetime of the NV center was measured. Efficient optical pumping leads to spin polarization into the m S 0 sublevel as discussed above. Hence it is difficult to measure the decay of the excited state m S 1 sublevels directly. It was suggested to use very low repetition rate lasers to allow the system to reach thermal equilibrium between optical pulses [22] . The long reported T 1 time of the spin state [23] (265 s) makes such an experiment unfeasible for single atoms. In order to detect the decay of the excited state we have chosen a different experimental approach described in Fig. 2 . The NV center at room temperature was first polarized into the m S 0 state by a microsecond optical pulse with 532 nm. After that the fluorescence decay was measured using subpicosecond excitation pulses which were synchronized with single photon counting data acquisition.
For measuring the decay of the m S 1 states a microwave pulse was introduced after the spin polarization pulse.
Results of such measurements are shown in Fig. 2 . Fluorescence decay curves follow single exponential decay with time constants of 12.0 ns for the m S 0 state and 7.8 ns for m S 1, respectively. The decay of the m S 0 state found here is in good agreement with a previously reported lifetime [24] , whereas its dependence on the spin quantum number is surprising at first sight. It is remarkable that the total number of photons emitted from excited m S 1 states is smaller compared to m S 0 state. This indicates that the difference in lifetime is due to the m S dependent nonradiative passage into the metastable state and not to the change of the transition oscillator strength. The total excited state decay rate is the sum of the radiative decay rate and intersystem crossing rate, k fl: k 3Eÿ3A k 3Eÿ1A . Since k 3Eÿ1A is different for m s 0 and 1, k fl depends on the spin state. From our experiments a difference in the intersystem crossing rate k 3Eÿ1A among the spin states of 4:5 10 ÿ7 s ÿ1 can be deduced which is in excellent agreement with recent theoretical predictions [22] .
The above mentioned finding allows for an improvement of single spin experiments. The decay into the metastable state defines the contrast in cw and pulsed optically detected ESR experiments. Under stationary conditions this contrast never exceeds 30%. The significant difference in fluorescence lifetimes can be used for improving the opti- 
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077401-2 cal readout of the spin state. This can be made by gating the detection channel and selecting only the long lifetime photons. Figure 3 shows the result of such selection using a gating window of 10 ns with a 100 ns delay after the laser pulse. The visibility is improved by a factor of 2 when compared to the previously reported scheme [2, 25] . The visibility of the ESR Rabi oscillations can be improved to an arbitrary value by making delay time longer. The price to pay is loss of the count rate leading to a longer integrating time.
At low temperatures not only the lifetime, but also the frequency of photons associated with specific transition carry information about the spin state [26] . This spinphoton frequency correspondence would potentially allow entangling of two distant NV defects using photon interference. In order to demonstrate that such remote entanglement via projective state measurement is applicable to NV diamond, the coherence time of photons should be as long as possible. It was shown that nitrogen-free samples usually show narrow spectral lines. Recently lifetimelimited excitation lines were recorded under weak laser illumination [15] . However, the question about the possibility to observe Fourier-transform-limited photons under strong optical excitation remains to be addressed.
The figure of merit for photons in the interference experiments mentioned above is the Fourier-transform relation between spectral and temporal profiles [27] . In order to characterize the coherence properties of the optical transitions we have used fluorescence excitation spectroscopy. The sample was a natural diamond immersed into superfluid helium (T 2 K). A narrow single frequency dye laser (linewidth 500 kHz) is tuned to resonance on the electronic transition of NV and the second-order correlation function of the broad Stokes-shifted emission into the phonon sideband is recorded. Although these broadband photons cannot be used in quantum computation experiments directly, they carry important information about the coherence properties of transition. In general, the homogeneous linewidth can be defined as ÿ 2
Here T 2 is the pure dephasing time. Such dephasing can be considered as a source of losses in two-photon interference experiments. If dephasing is present, the depth of the Hong-Ou-Mandel dip is reduced to T 2 2T 1 [28] . Thus, it is of crucial importance to characterize T 2 of the photon source. Since under realistic conditions a single photon source has to be driven strongly, it must be measured under saturating optical excitation. A single transition associated with the long-cycling m S 0 state is visible in the fluorescence excitation spectrum of the defect [21] . The derivation of T 2 from the linewidth of the detected transition is complicated due to the saturation broadening, whereas the second-order intensity correlation function of the emitted photons g 2 hItIt i=hIti 2 allows extracting it in a more straightforward way. The experimental measurements of g 2 (Fig. 4) show the signature of optically induced Rabi oscillations with a decay defined by the radiative lifetime of the excited state and pure dephasing. Since the metastable state population occurs on a long time scale for the m S 0 state, the system can be analyzed in terms of optical Bloch equations for a two-level system. The corresponding second-order intensity correlation function can be written as [29] 
Here is the optical Rabi frequency. Fit functions with T PRL 100, 077401 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending 22 FEBRUARY 2008 077401-3 ment. It is important to mention that the measured T 2 is characteristic for the whole acquisition time of the experiment (a few tens of minutes). During this time approximately 10 10 photons were emitted and 3 10 7 were detected. Previously reported two-photon interference experiments on single quantum dots rely on indistinguishability of two consecutive photons separated by a time interval of a few nanoseconds [27] . Slow spectral jumps would probably destroy coalescence contrast on a longer time scale, which is not the case for NV centers.
In summary, we show an important new insight into the coherence properties of NV centers in diamond. The NV defects show narrow linewidth of optical transition with minor contributions from pure dephasing when compared to broadening via radiative decay. To obtain a single photon stream for two-photon interference experiments, the NV center must be excited nonresonantly and the photons associated with the zero-phonon line must be selected for detection. Alternatively, fast optical switches can be used to separate the excitation pulse from the fluorescence photons when resonant excitation is used. The novel contrast mechanism for single spin ESR at ambient condition based on a temporal filtering of photons might help to facilitate the detection and spin manipulations in the quantum register.
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